Baicalin is a flavonoid derived from Scutellaria baicalensis, used in Chinese herbal medicine. Activation of the sirtuin 1 gene (SIRT1) and adenosine monophosphate (AMP)-activated protein kinase gene (AMPK), the SIRT1/AMPK signaling pathway, is associated with human malignant tumors. The aim of this study was to investigate the effects of baicalin on the cell viability, apoptosis, proliferation, and migration of human non-small cell lung cancer (NSCLC) cells, A549 and H1299, in vitro.
Background
Worldwide, non-small cell lung cancer (NSCLC) is one of the most common malignant tumors of the respiratory system and is currently recognized as one of the leading causes of cancerrelated death worldwide [1] . Surgical resection can be a curative treatment for early-stage NSCLC, but most patients are diagnosed at an advanced stage when patients present with clinical symptoms. The prognosis for patients with advancedstage NSCLC, which has invaded the lung locally, invaded beyond the lung, invaded blood and lymphatic vessels, and metastasized, is poor [2] . The molecular mechanisms that underly the development and progression of NSCLC are complicated and remain poorly understood. Therefore, further understanding of the mechanisms underlining this malignancy, from continuing studies, would be helpful in identifying the potential molecular therapeutic targets for NSCLC.
Sirtuins are a protein family responsible for various cellular biological events including cell proliferation, apoptosis, and cell migration [3] . Sirtuin 1, is also known as NAD-dependent deacetylase sirtuin-1, and is encoded by the SIRT1 gene, and is the most studied protein of sirtuin family. The down-regulation of the SIRT1 gene has been described in previous studies, indicating SIRT1 as a tumor suppressor gene [4] . The adenosine monophosphate (AMP)-activated protein kinase gene (AMPK) was recognized as a downstream effector of SIRT1, playing a role as a cellular metabolic stress sensor [5] . It has also been suggested that the AMPK gene can act as a tumor suppressor [6] . Previous studies have shown that cancer cell proliferation could be inhibited via activation of the AMPK gene, whereas inactivation of AMPK was associated with tumor progression [7, 8] .
Recently, components of natural Chinese herbal medicines have attracted increasing numbers of research studies, as novel anti-cancer agents were extracted from medicinal herbs. Baicalin (5,6-dihydroxy-7-O-glucuronide flavone) is a flavonoid derived from Scutellaria baicalensis Georgi (or Chinese skullcap), and has been used and studied in Chinese herbal medicine for the treatment of several types of cancer [9, 10] . However, there have been few previous studies on the effects of baicalin in NSCLC.
However, baicalin and its metabolites have been shown to upregulate the activation of the SIRT1 and AMPK genes [11, 12] . For this reason, the aim of this study was to investigate the effects of baicalin on the cell viability, apoptosis, proliferation, and migration of human NSCLC cells, A549 and H1299, in vitro.
Material and Methods

Cell culture
The human non-small cell lung cancer (NSCLC) cell lines, A549 and H1299 used in this study were purchased from the Cell Bank of Typical Preservation Committee, Chinese Academy of Science, Shanghai, China. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and a cell culture antibiotic mixture (Sigma-Aldrich) in a humidified cell incubator providing an atmosphere providing 5% CO 2 and 95% air at 37°C.
The cultured A549 and H1299 cells were treated with baicalin (Sigma-Aldrich) at increasing doses, from 0, 20, 40, and 80 μmol/l, respectively for 24 hours. These doses of baicalin were chosen according to the findings from previous preliminary experiments.
Small interfering RNA (siRNA) silencing of the SIRT1 and AMPK genes
The A549 and H1299 cells were transfected with small interfering RNA (siRNA), silencing the expression of the SIRT1 and AMPK genes. Commercially available siRNA kits used included SignalSilence SIRT1 siRNA 1 kit (Catalog No. 12241) (Cell Signaling Technology) and the SignalSilence AMPKa2 siRNA II kit (Catalog No. 6620) (Cell Signaling Technology) were used to knockdown the expression of the SIRT1 and the AMPK gene expression, respectively. Cultured A549 and H1299 cells were transfected with the siRNAs with the TransIT-TKO reagent (Mirus Bio LLC) in accordance with the protocols provided by the manufacturer.
MTT cell viability assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl terazolium bromide (MTT) assay was used to assess the cell viability of cultured human NSCLC cells. Briefly, cultured A549 and H1299 cells were seeded into 96-well culture plates at a cell density of 5×10 3 cells per well. The cells were treated with baicalin and/or siRNAs. Then, 20 μl of MTT solution (5 mg/ml) (Sigma− Aldrich) was added to each well and the cells were incubated for 4 hours at 37°C, followed by the addition of 100 μl of dimethylsulfoxide (DMSO) to dissolve the resultant formazan crystals. A plate reader was used to detect the optical density (OD) absorbance at 490 nm. The cell viability was calculated as: OD of treatment/OD of control ×100%.
Flow cytometry to measure cell apoptosis
The apoptosis of the cultured NSCLC cells, A549 and H1299, was determined by flow cytometry in this study. Briefly, treated A549 and H1299 cells were harvested by centrifugation and then washed with PBS. After resuspension, cells were incubated with 2127 100 μl of binding buffer containing 5 μl Annexin V-fluorescein isothiocyanate (FITC) and 1 μl of propidium iodide (PI) for 30 minutes in a humidified cell incubator. Cell apoptosis was then analyzed with a BD FACSCalibur flow cytometer (BD Biosciences).
Cell migration and invasion evaluated by a wound healing assay
The migration ability of cultured human NSCLC cells, A549 and H1299, was evaluated by a wound healing assay. Briefly, A549 and H1299 cells were seeded and cultured into 60 mm culture dishes. A 2 mm razor blade was used to form the wound, and the edges were marked. The cells were treated with baicalin and/or siRNAs. Acetone was used to fix the cells, which were then stained with 4',6-diamidino-2-phenylindole (DAPI), a blue cell nuclear fluorescence stain. Cells were observed with an inverted fluorescence microscope. The invasion capacity of human A549 and H1299 cells was evaluated by a transwell assay using Matrigel-coated transwells (BD Biosciences). The assay was carried according to the protocol provided by the manufacturer. The number of cells that invaded through the wells to the opposite side of the membranes were counted.
Western blotting
Cells were lysed by a radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime) supplemented with phenylmethylsulfonyl fluoride, (PMSF) (Santa Cruz). The protein was extracted using a Total Protein Extraction kit (Beyotime) according to the manufacturer's instruction. The doses of protein were examined with the bicinchoninic acid (BCA) protein assay kit (Beyotime). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins, which was then transferred to polyvinylidene difluoride (PVDF) membranes. and GAPDH (1: 5000) (Abcam) for 8 hours at 4°C. After washing, the membranes were further incubated with horseradish-peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology). Luminol enhancer reagent (Millipore) was used to develop the membranes, which were visualized on X-ray films. The intensity of the Western blots was analyzed by ImageJ software.
Statistical analysis
The data collected in this study was presented as the mean ± standard deviation (SD). Differences between groups were analyzed by one-way analysis of variance (ANOVA) and using the Student's t-test. Tests of least significant difference (LSD) were performed as post hoc tests. A P-value <0.05 was considered to be statistically significant.
Results
Baicalin treatment of cultured non-small cell lung cancer (NSCLC) cells, A549 and H1299, increased cell viability by inducing apoptosis in a dose-dependent manner
The results of cell viability findings are shown in Figure 1 . The cell viability of A549 and H1299 were assessed by the MTT assay and cell apoptosis was detected by flow cytometry. The cell viability of both A549 and H1299 cells were significantly inhibited by baicalin in a dose-dependent manner. The baicalin incubation significantly also elevated the apoptotic rate in both A549 and H1299 cells in a dose-dependent manner.
Baicalin treatment of cultured NSCLC cells, A549 and H1299, decreased cell migration and invasion in a dosedependent manner
The capacity of migration and invasion were elevated by wound healing assay and transwell assay respectively, which were shown in Figures 2 and 3 . Following cell incubation with baicalin at various doses, the migration and invasion abilities were significantly inhibited dramatically in a dose-dependent manner in both A549 and H1299 cells.
Baicalin treatment of cultured NSCLC cells, A549 and H1299, regulated the activation of the SIRT1/AMPK signaling pathway in a dose-dependent manner
The immunoblots indicating the activation of SIRT1/AMPK signaling in A549 and H1299 cells are shown in Figure 4 . The baicalin incubation dramatically increased the expression levels of SIRT1 and cleaved caspase-3, as well as the phosphorylation levels of AMPK in NSCLC cells in a dose-dependent manner. Also, the baicalin incubation also suppressed the expression levels of active matrix metalloproteinase (MMP)-2 and MMP-9, as well as the phosphorylation levels of m-TOR in NSCLC cells in a dose-dependent manner.
Small interfering RNA (siRNA) silencing of the SIRT1 and AMPK genes reduced the inhibitory effects of baicalin on cultured NSCLC cells, A549 and H1299
As shown in Figure 1 , the specific siRNAs silencing SIRT1 and AMPK reduced the anti-proliferative effect of baicalin on both A549 and H1299 cells. The results shown in Figures 2 and 3 demonstrate that both SIRT1 and AMPK silencing impaired the 2128 anti-migration and anti-invasion effects of baicalin on both A549 and H1299 cells.
As shown in Figure 4 , small interfering RNA (siRNA) silencing of the SIRT1 and AMPK genes effectively down-regulated the expression of SIRT1 and AMPK in the NSCLC cells, A549 and H1299 in vitro. As a result, both SIRT1 and AMPK silencing increased phosphorylation levels of mechanistic target of rapamycin (mTOR) as well as the expression levels of active MMP-2 and MMP-9 in baicalin-treated NSCLC cancer cells, A549 and H1299 in vitro. Silencing of the SIRT1 and AMPK genes also decreased the expression levels of cleaved caspase-3 in A549 and H1299 cells treated with baicalin.
Discussion
Baicalin is a flavonoid extracted from the root of the medicinal herb, Scutellaria baicalensis Georgi, which is also known as the traditional Chinese herb, Huangqin. Baicalin exerts a wide spectrum of biological activities including anti-oxidant, anti-proliferation, anti-bacterial and immune-regulating activities [13] [14] [15] . Previously published studies have evaluated the safety, toxicity, and tolerability properties of baicalin in both in vivo and in vitro experiments [16, 17] . Previously, baicalin has been shown to have anti-cancer activities in several human cancer cell types including breast cancer, ovarian cancer, prostate cancer, and colonic cancer [18] [19] [20] . There have been few reports on the anti-cancer activity of baicalin on non-small cell lung cancer (NSCLC) cells. In the current study, two human NSCLC cell lines were used, A549 cells and H1299 cells. Baicalin treatment of NSCLC in vitro significantly reduced the cell viability and induced cell apoptosis of both A549 and H1299 cells in a dose-dependent manner. Also, baicalin incubation reduced the migration and invasion capacities of cells in a dose-dependent manner. These results suggested that baicalin had inhibitory effects on human NSCLC cells in vitro.
Although previously published studies have proposed molecular mechanisms for targeted therapy in NSCLC, this malignancy is characterized by cell proliferation, invasion, and metastasis capacities, and so a pathway mediating these properties might represent an effective therapeutic target. SIRT1 is a class III histone deacetylase that participates in many critical biological processes including cell death, cell proliferation, and cell migration [4] . As one of the substrates of SIRT1, AMPK is activated by phosphorylation. The significant down-regulated expression of SIRT1 and phosphorylation of AMPK have been previously identified in several human cancers [21, 22] . Therefore, 
SIRT1
and AMPK have been recognized as tumor suppressor genes. From the findings of the present study, it is possible to propose that SIRT1/AMPK signaling might be involved in the anti-cancer effects of baicalin on NSCLC cells in vitro.
In human NSCLC cells, incubated with increasing doses of baicalin, the expression level of SIRT1 as well as the phosphorylation level of AMPK increased significantly. This result indicated that baicalin activated the tumor suppressor pathway SIRT1/AMPK signaling in human NSCLC cells in vitro. The serine/threonine kinase mechanistic target of rapamycin (mTOR) functions as a mediator of cell survival, which is believed to be oncogenic [23] . The activation of AMPK might have a negative regulatory effect on mTOR expression, which is known to be resistant to apoptosis by regulating the activation of the caspase cascade and autophagy [24, 25] . The results of this study showed that baicalin activated the SIRT1/AMPK signaling, which further inhibited the phosphorylation of mTOR, resulting in an increase in apoptosis of human NSCLC cells in vitro.
The matrix metalloproteinases (MMPs) have been reported to be associated with the invasion and metastasis of malignant cells due to their ability to degrade extracellular matrix and promote cell mobility [26, 27] . It has previously been reported that reduced AMPK phosphorylation resulted in MMP expression [28] . In the current study, baicalin treatment was found to reduce the migration and invasion abilities of human NSCLC cells in vitro by reducing the expression of MMP-2 and MMP-9.
To further validate these preliminary findings, small interfering RNA (siRNA) silencing of the SIRT1 and AMPK genes were undertaken. The siRNA silencing of SIRT1 and AMPK significantly reduced the anti-proliferative and anti-migration effects of baicalin on human NSCLC cells in vitro. The results of this study support the possibility that baicalin might inhibit tumor cell viability, invasion, and metastasis of human NSCLC cells by activating the SIRT1/AMPK signaling pathway.
Conclusions
The findings of this study showed that baicalin, a flavonoid used in Chinese herbal medicine, inhibited the proliferation and migration of human non-small cell lung cancer (NSCLC) cells, A549 and H1299, by activating the SIRT1/AMPK signaling pathway. These preliminary in vitro findings warrant further studies that add to the understanding of the molecular mechanisms of baicalin on tumor cell activity. The findings of this study also indicate that the SIRT1/AMPK signaling pathway might be a potential pathway for further studies as a potential diagnostic or therapeutic target in NSCLC.
